ABSTRACT-The natriuretic peptide (NP) family consists of endocrine ANP/BNP/VNP in the heart and paracrine CNP in the brain in vertebrates ranging from teleosts to mammals. In elasmobranchs, however, only CNP has been identified thus far in the heart and brain. To delineate the molecular evolution of this hormone family, it is essential to determine whether CNP is the only NP in this primitive fish group. In the present study, PCR cloning of all types of piscine NP was performed from the heart and brain of a dogfish, Triakis scyllia, using degenerate primers that amplified eel ANP, VNP and CNP. However, only CNP cDNA with an identical sequence was cloned from the heart and brain. Southern blot analysis showed that the CNP gene is a single copy gene, showing that endocrine CNP from the heart and paracrine CNP in the brain originate from the same gene. Since expression of the CNP gene was so high as demonstrated by Northern blot analysis, the abundantly expressed CNP mRNA could have interfered the amplification of other NP mRNAs expressed in small amounts. Therefore, a method was developed to cleave the cloned CNP mRNA specifically at the 3'-untranslated region with RNase H. After removal of the cloned CNP mRNA by this technique, no other NP cDNAs could be cloned, but small amounts of CNP cDNAs with shorter 3' sequence were amplified. These results strongly suggest that only CNP is present in elasmobranchs. Thus, it is likely that CNP is an ancestral form of the NP family and endocrine ANP/BNP/VNP have appeared later in the vertebrate evolution.
INTRODUCTION
Natriuretic peptides (NP) comprise hormone family that plays a pivotal role in cardiovascular and body fluid homeostasis in most vertebrate species (Brenner et al., 1990; Evans, 1990; Takei, 2000; Farrell and Olson, 2000; Loretz and Pollina, 2000) . NPs have been isolated throughout vertebrate classes except for cyclostomes. In mammals, amphibians and teleost fish, three types of NPs (ANP, BNP/VNP and CNP) have been identified; ANP, BNP and VNP are produced mainly in the heart and act as circulating hormones, while CNP functions as a paracrine factor in the brain and peripheral tissues such as the endothelium (Chen and Burnett, 1998) . ANP and BNP genes are localized in tandem on the same chromosome in the human and mouse (Tamura et al., 1996) . However, the CNP gene is present on a different chromosome (Ogawa et al., 1994) . These results suggest that NPs have functionally and evolutionarily diverged into two distinct groups, endocrine NP from the heart and paracrine NP principally in the brain, in teleost fishes and tetrapods.
In elasmobranchs, however, only CNP has been isolated from the heart and brain despite several attempts to isolate ANP and other cardiac NPs from the heart (Schofield et al., 1991; Suzuki et al., 1991 Suzuki et al., , 1992 Suzuki et al., , 1994 Takano et al., 1994) . The mature CNP-22 is a brain form in elasmobranchs as in mammals, while proCNP is a cardiac form stored in the granules of cardiocytes in two species of dogfish, Triakis scyllia and Scyliorhinus canicula (Suzuki et al., 1991 (Suzuki et al., , 1992 . Thus, proCNP secreted from the heart circulates in the blood of Triakis at concentrations even higher than ANP in the blood of teleosts and mammals (Suzuki et al., 1994) . Circulating CNP stimulates Na + and Cl -secretion from the rectal gland of spiny dogfish, Squalus acanthias (Solomon et al., 1992; Silva et al., 1999) . These results suggest that, in elasmobranchs, CNP functions as both a circulating hormone and a paracrine factor. However, there is still a possibility that other NPs are also present in the elasmobranch heart. It is known that CNP is much more potent than other NPs for the relaxant activity in the chick rectum that is used for assay during isolation of NPs (Suzuki et al., 1992) . Consequently, it may be difficult to isolate other forms of NP from the heart in the presence of CNP. There is also a possibility that paracrine CNP-22 in the brain and circulating proCNP from the heart are produced from different genes since it is known that different CNP genes are expressed in the brain and periphery of the bullfrog (Kojima et al., 1994) . For these reasons and in order to trace the evolu-tion of the NP family, it is imperative to determine whether CNP is the only NP in elasmobranchs and whether cardiac and brain CNP originate from a single gene.
In the present study, we attempted to isolate NP cDNAs from the brain and heart of a dogfish, Triakis scyllia, with a PCR-based method using degenerate primers that amplify all NP types. Using these primers, it was preliminarily shown that CNP and ANP/VNP were amplified from the eel brain and heart, respectively. Since the CNP gene was so abundantly expressed in the brain and heart of the dogfish, CNP mRNA was specifically removed before PCR so that other NPs that may be expressed in small quantities could be effectively amplified. We report here that CNP is the sole NP in the dogfish and is expressed from a single gene in the heart and brain.
MATERIALS AND METHODS

Animals and sampling
Japanese dogfish, Triakis scyllia, of either sex and weighing from 800 to 1800 g, were collected from the Koajiro Bay, near Misaki Marine Biological Station, the University of Tokyo. They were kept without feeding in a 4 kl round tank with running seawater (ca. 13°C), usually for one week before use. For tissue sampling, fish were anaesthetized in 1% (w/v) 3-aminobenzoic acid ethyl ester (Sigma). The heart and brain were dissected out and frozen quickly in liquid nitrogen.
3'-end amplification of cDNA (3'-RACE)
A two-step PCR with RACE method was applied for isolation of NP cDNA using 3'-and 5'-Full RACE Core Sets (Takara). Total RNA was extracted from the heart and brains of dogfish with ISOGEN (Wako). Poly-A + RNA was purified with Oligotex-dT30 (Takara). For 3'-RACE, 1 µg of poly-A + RNA was incubated in reaction mixture containing dT-adaptor primer and AMV reverse transcriptase at 50°C for 30 min. One-fortieth of the first strand cDNA was then subjected to PCR amplification with a degenerate sense primer and the universal antisense adaptor primer. PCR reaction was performed using highfidelity Ex-Taq DNA polymerase (Takara). Two degenerate sense primers corresponding to the conserved region of known NP peptides were designed as follows:
The efficiency of these primers had been confirmed using cDNAs from the eel brain and heart. Although eel ANP, CNP and VNP were all amplified with each primer, ANP and CNP were major products with the NP-1 primer, and VNP with the NP-2 primer (data not shown). After an initial denaturation at 94°C for 3 min, 40 cycles of PCR were performed, each consisting of 50 sec denaturation at 94°C, 30 sec annealing, and 1.5 min extension at 72°C. The annealing temperature varied from 50 to 60°C. The resulting products were electrophoresed through 1.2% (w/v) agarose gel, and purified using the GENECLEAN kit (BIO 101). The purified product was ligated into pT7Blue T-Vector (Novagen), and transformed into XLI-Blue competent cells. The nucleotide sequence was determined in an automated DNA sequencer (PRISM 310, Perkin-Elmer/Applied Biosystems).
5'-RACE
A circular or concatemeric first-strand cDNA-mediated RACE method was applied to amplify the 5'-end of CNP mRNA (Maruyama et al., 1995) . One-half µg of poly-A + RNA was reverse-transcribed as described above except for the substitution of a phosphorylated gene specific primer for the dT-adaptor primer. The RNA strand of the reverse-transcribed cDNA was digested with RNase H. First strand cDNA was then circularized and/or joined into a concatemeric form by T4 RNA ligase. The resulting single-stranded DNA was used as a template for amplification of 5'-end by PCR with gene specific primers. After determination of the full-length CNP cDNA by two-step RACE method using at least three clones, full length CNP cDNA was also amplified with newly designed specific primers to confirm the sequence using three clones.
Southern and Northern blot analyses
For Southern blot analysis, genomic DNA was extracted from a single dogfish heart as described by Sambrook et al. (1989) . Restriction enzymes, Pst I and Hind III, were used to digest extracted DNA (10 µg). The digests were then electrophoresed in a 0.6% agarose gel and finally transferred to a NYTRAN membrane (Schleicher and Schuell) according to the manufacturer's instructions. For Northern blot analysis, poly-A + RNA (4 µg) extracted from the heart and brain was electrophoresed in a 1.2% agarose/formaldehyde gel and transferred to a NYTRAN membrane. The cloned dogfish CNP cDNA was labeled by a random priming method using a megaprime DNA labeling system and [α-32 P] dCTP (Amersham). Hybridization was performed in a sealed plastic bag containing 6 × SSC, 0.1% SDS, 1×Denhardt's reagent and 10 µg/ml sonicated salmon sperm DNA at 50°C. After hybridization, the filters were washed twice for 1 h in 0.2 ×SSC/0.1% SDS at 60°C for Southern blot analysis, or 0.1×SSC/ 0.1% SDS at 65°C for Northern blot analysis. Hybridization signals were detected with an auto image analyzer (FLA 2000, Fuji Film) after exposure to an imaging plate.
Removal of CNP mRNA with RNase H
Since consensus sequences of all NP mRNAs are well conserved, it was not possible to design a specific primer for each NP. In fact, NP-1 and NP-2 primers used in the current study were not specific for a single NP but cross-hybridized with multiple NPs. Therefore, if large amounts of CNP mRNA are expressed in the heart and brain, this 2 ). CNP cDNA is not amplified in the heart and brain (lanes 1-4 ) , while vasotocin cDNA is amplified even after RNase H treatment (lane 5 and 6). may prevent amplification of other NP mRNAs that might be expressed at much lower levels than CNP mRNA. To avoid this, CNP mRNA was specifically removed by RNase H after hybridization with oligonucleotide complementary to its 3'-untranslated region (Fig. 1) . One µg of poly-A + RNA was hybridized with 0.5 µg of oligonucleotide corresponding to dogfish CNP cDNA (885 -904) in 20 mM Tris-HCl (pH 8.3), 50 mM KCl, 10 mM DTT and 2.5 mM MgCl 2 . In order to avoid non-specific hybridization, the reaction mixture was initially heated to 70°C for 10 min then cooled gradually until it reached 37°C. RNase H (2 units) was then added and maintained at 37°C for 30 min. Subsequently, RNase H was removed by phenol/chloroform treatment, and then reverse transcription and the 3'-RACE were performed as described above. To examine the specificity of this method, both CNP cDNA and vasotocin cDNA were amplified with a gene specific primer and universal antisense adaptor primer after RNase H treatment and confirmed that only vasotocin cDNA was amplified.
RESULTS
Cloning of cDNAs encoding dogfish CNP
A full length cDNA coding for dogfish CNP was cloned from the heart and brain by the described RACE method only with the NP-1 primer (Fig. 2) . The CNP cDNA consisted of 919 nucleotides, and was a size consistent with that shown by the Northern blot analysis (data not shown). The CNP precursor deduced from the cDNA was composed of a signal peptide of 21 amino acid residues and proCNP carrying mature CNP-22 at its C-terminal end. A Lys-Lys residue pair prior to the mature CNP may serve as a signal for proteolytic processing. The sequence of CNP cDNA, even in the untranslated regions, was identical in the brain and heart.
Southern blot analysis
Genomic DNA digested with Hind III hybridized as a single band with radiolabelled dogfish CNP probe at approximately 5 kbp (Fig. 3) . The Pst I digestion resulted in two bands at ca. 2 kbp and 1 kbp with similar signal intensity as expected from the cleavage site within the CNP sequence (Fig. 2 ).
PCR cloning after RNase H treatment
The PCR amplification after RNase H treatment abolished the band of CNP cDNA at ca. 900 bp that was apparent in the heart and brain samples without RNase H treatment (Fig. 4,  lanes 1-4) . However, vasotocin cDNA was amplified from the brain mRNA even after RNase H treatment (Fig. 4 , lanes 5 and 6), showing specific removal of the CNP mRNA. The 3'-RACE using RNase H-treated heart mRNA gave two faint bands at ca. 400 bp and 240 bp (Fig. 5) . Sequence analysis of these cDNAs revealed that both encode CNP precursor with shorter 3'-untranslated sequences (Fig. 2) . The shorter CNP cDNAs were also cloned from RNase H-treated brain mRNA.
DISCUSSION
In the present study, we cloned only CNP cDNA from the dogfish, Triakis scyllia, using primers that can amplify all piscine NPs (Fig. 2) . The deduced amino acid sequence was identical to that of previously isolated proCNP from the dogfish heart (Suzuki et al., 1992) . The cloned CNP cDNAs from the heart and brain of the dogfish were identical even at untranslated regions. Furthermore, even after the specific removal of cloned CNP cDNA that was expressed in large amounts, no other NP cDNAs were amplified by the subsequent PCR. Therefore, it is highly probable that only a CNP gene is expressed in the heart and brain of the dogfish.
We have developed a method to remove cloned CNP mRNA specifically before reverse transcription (Fig. 1) . The specificity of this method was confirmed by amplification of vasotocin cDNA after treatment of RNase H (Fig. 4) . Owing to the method, we were able to clone different CNP cDNA forms with shorter 3'-untranslated sequences that could not have been cloned otherwise because of their small amounts. Therefore, it is likely that other NPs, e.g. ANP and VNP, may have been cloned in the dogfish if they are in fact present even in small amounts. This method can be applied to any family of hormones with similar structures to clone all members of the family. Furthermore, it can be applied more universally to any family of proteins that consist of many subtypes such as water/ion channels, cell adhesion molecules (Tsukita and Furuse, 1999; Uchida, 2000) .
After removal of the cloned CNP mRNA, two CNP cDNAs with shorter 3'-untranslated sequences were successfully cloned (Fig. 2) . Since all CNP cDNAs have identical sequences except for the length of the 3'-untranslated sequence, they most probably derive from the same gene. The physiological significance for the presence of shorter mRNA is unknown; however, since the number of AUUUA motifs in the 3'-untranslated region, the repetition of which is thought to facilitate mRNA degradation (Wilson and Treisman, 1988) , differs among the three cDNAs (Fig. 2) , one possible explanation for the presence of multiple mRNA forms may relate to the regulation of CNP synthesis by changing the ratio of the three mRNAs. The importance of the 3'-untranslated region of dogfish CNP mRNA is supported by the high sequence identity between Triakis and Squalus acanthias (Schofield et al., 1991) , which is even higher (93.1%) than that of translated region corresponding to preproCNP (89.3%).
Southern blot analysis demonstrated that the CNP mRNA originates from a single-copy gene (Fig. 3) . Therefore, endocrine-type NP from the heart and paracrine-type NP in the brain have not diverged genetically in elasmobranchs. However, processing of CNP differs between the heart and brain; the main form that is stored in the heart and that circulates in plasma is proCNP, whereas mature CNP-22 is stored in the brain (Suzuki et al., 1994) . Mature CNP-22 stimulates NaCl secretion from the Squalus rectal gland (Silva et al., 1999) . However, it is not known whether circulating proCNP is cleaved to CNP-22 before acting on target tissues, since dogfish guanylyl cyclase-coupled receptor, probably NPR-B (Aller et al., 1999) , has low ligand selectivity in Triakis (Sakaguchi and Takei, 1998) . CNP is highly conserved in elasmobranchs; this high degree of conservation extends not only to mature CNP-22 that is located at the C-terminus, but also to the whole proCNP sequence as shown in Fig. 6 (Schofield et al., 1991; Suzuki et al., 1991) . This is also true in mammals where the entire proCNP sequence is well conserved (Kojima et al., 1990; Tawaragi et al., 1991) . However, the homology of proCNP is very low among different vertebrate classes (e.g., between elasmobranchs and mammals, except for the mature CNP-22 sequence; Fig. 6 ). With regard to other proNPs, proBNP is variable including the mature sequence while proANP is conserved even at the prosegment (Maki et al., 1984; Oikawa et al., 1984; Seidman et al., 1984; Yamanaka et al., 1984; Sudoh et al., 1989) . Thus, biological actions were assigned to each fragment of the prosegments although further studies are required to establish their physiological functions (Denker et al., 1990) . Since proCNP is even more highly conserved than proANP (Fig. 6) , it is possible that prosegments of CNP may also possess some biological functions.
The current series of studies demonstrate that CNP appears to be the only NP in the dogfish. There are several hypotheses with respect to the phylogenetic position of Chondrichthyes (Rasmussen and Arnason, 1999) . Among them, it is generally accepted that Chondrichthyes are basal to other gnathostome fishes in the cladogram (Janvier, 1996) . Since CNP is the only NP in the dogfish, we suggest here that CNP is the ancestral molecule of the NP family. Thus, it seems that endocrine ANP, BNP and VNP may have appeared later during the vertebrate evolution. With respect to more phylogenetically ancient cyclostomes, immunoreactive ANP and its binding sites are present (Reinecke et al., 1987; Donald et al., 1992; Toop et al., 1998; Callahan et al. 2000) ; however, molecular identity of hagfish NP has not been determined yet. Identification of the cyclostome NP and its receptors by molecular cloning is awaited to delineate more convincingly the evolutionary history of the NP family in vertebrates.
Accumulating evidence indicates that the NP family is a key endocrine system for body fluid regulation in vertebrates. ANP is a primary hormone for regulation of plasma Na + concentration in teleost fishes, whereas in mammals ANP is important for blood volume regulation (Evans, 1990; Takei, 2000) . Since patterns of body fluid regulation in vertebrates are diverse, ranging from osmo-conforming cyclostomes to osmo-regulating teleosts and tetrapods, it is of interest to examine the molecular evolution of the NP family in relation to the evolution of body fluid regulation. Marine elasmobranchs are unique in that they are partial osmo-regulators by maintaining plasma ion concentrations lower than seawater while accumulating urea to increase plasma osmolality to the seawater level. It is possible, therefore, that the sole presence of CNP in elasmobranchs might be related to their special pattern of osmoregulation.
